Novel Applications of Soft X-ray
Scattering for Condensed Matter Studies

Sunil K. Sinha
UCSD/LANL
ALS, Berkeley, Sept. 2005



Scattering Techniques with Soft
X-Rays

Resonant Bragg scattering and satellite peaks: long and
short range order and modulations ( orbital, magnetic).

Resonant diffuse Scattering: local distortions of lattice,
magnetic and electronic structure.

Resonant magnetic reflectivity and off-specular scattering:
Magnetic structure of interfaces and thin films.

Resonant Small Angle Scattering; Spatial distribution of
bonding states.

Resonant Inelastic Scattering: Electronic Excitations.
Coherent Soft X-Ray Scattering: Imaging; Dynamics



Applications

Magnetic Thin Films: Exchange bias problem:;
Spin Injection 1in semiconductors;GMR.

Complex Oxides: Hole ordering; Orbital Ordering;
Electronic modulations 1n High-Tc
superconductors.

Strongly correlated Systems: Kondo Lattices;
Quantum Critical Phenomena.

Soft Condensed Matter: polymer structure and
surface dynamics of liquids and biomembranes.




The Exchange Bias Phenomenon
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The formula does not represent reality |

Gives bias values 2-3 order higher

IS =Sy Does not explain why exchange
HE - = > bias is observed for compensated
MFM L g \ AF surfaces like Fe/FeF,
» Does not realistically represent
the FM/AF interfacial environment

Various models proposed:

v" Random Field Model (Malozemoff, Phys. Rev. B 35 (1987) 3679)
v" Domain Wall Model ( Mauri et al, J. Appl. Physics 62 (1987) 3047)



Random-field, domain state, etc., models
Super exchange (AF-coupling) Frustrated super exchange (AF-coupling)

U. Nowak et. al., J. Magn. Magn. and Mater., 240, 243 (2002).
A.P. Malozemoft, J. Appl. Phys., 63, 3874 (1988).
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Interfacial Spin Structure is a key to understand EB

v" Interface properties could be very different
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across F/AF interface (e.g. domain structure,
magnetic roughness, etc.)

» Need interface sensitive experimental technique
Measuring Reflectivity using resonance X-ray scattering technique
» Can quantitatively determine depth dependent magnetic density
»Interface sensitive
» Element Specific

» Diffuse scattering — lateral structures like domains, magnetic
roughness etc.
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The Sample

FeF, grown epitaxially on MgF,, Co is

X-ray reflectivity

polycrystalline

(001) — Easy axis of FeF,, T, =78 K
Exhibits positive exchange bias
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» The thicknesses and roughness
were constrained to be same for
subsequent resonant reflectivity fits
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The Experimental Procedure

Resonant X-ray scattering measurements performed on Beamline 4.0.2 at

the ALS using Kortright endstation

Circularly
Polarized Beam

A
Q,
Applied Fielj Detector @

Co

FeF,

Field of 1 T applied at 300 K along (001)
direction

Sample field cooled through T to 20 K

Three types of measurements:

(1). Hysteresis loops by switching incident
beam polarization at L; edge of Co and Fe

(2). Reflectivity measurements as function
of Q, by switching applied field

Info about both pinned and rotating
moments

(3). Measurement of diffuse scattering
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FIG. 1 (color). Hysteresis loops at Q = 0.49 and 0.38 nm™!
for Co (H) and Fe (red @), respectively. Inset: representations of
the x-ray experiment and sample.
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FIG. 2 (color). Spin density depth profiles for Co (blue) and Fe
(red) spins obtained from the specular x-ray reflectivities (inset)
at H. = £796 kA/m.
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Diffuse Scattering at an Applied Field of 1 T
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» Off specular scattering show
peaks due to domains.

»Domains in the FM and AF
are oppositely aligned

» Domains correlated with
structural features (roughness
or defect)
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R. M. Osgood lll, S. K. Sinha, J. W. Freeland, Y. U. Idzerda and
S. D. Bader, JMMM 198-199, 698 (1999)
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Conclusions

» Resonant X-Ray scattering combined with polarized neutron
reflectivity is a powerful tool to determine in an element sensitive
way the depth profileand direction of magnetism in a magnetic thin

film structure

» For Co/FeF, system we found that
v" interface coupling is antiferromagnetic
v'existence of pinned and rotating moments for Fe

v" interface mostly contains rotating moments while the bulk
contains pinned moments (from neutron scattering results)

v exchange bias is due to exchange interaction between Fe
pinned and Fe rotating moments

v" Diffuse scattering indicates formation of domains
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Overdamped Capillary Waves on Viscous Polymer Liquid Films

H.-J. Kim et al., Phys. Rev. Lett. 90, 068302 (2003)



Scattering Geometry
Polystyrene ((CgHg),,) Film

Si Substrate

Measured Scattering

h= 840A 4o
T=160°C
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Scaling

At the values of g, probed here, it turns out
that the second term on the right-hand side of Eq. (5)
is negligible compared to the first. Similarly, it is
well-justified to neglect the second term in the
numerator of Eq. (1). It follows that




Tau vs. q
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Tau vs. q for 65K (4Rg) and 400K (2Rg). Both films have similar thickness ~300A



(k) = 7, (k) _ 7, (k)
Lol 1+ 2o(k)/,

r = A Tau_m is defined to be Maxwell relaxation time for a
" u  viscoelastic liugid.
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Mu vs. Mw (@ 185C
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Note: Although shear modulus mu shows a scaling with Mw, but the fit
is not good the error of the coefficient ‘a’ is very large.



Viscosity (Nsec/mz)
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Equation:

y =a*x"b

Chi*2/DoF = 28.04383

RA2 = 0.92408

a 3.9852E-9 +2.0437E-9
b 2.45621 £0.04108
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